Introduction
Numerically, basophils are a minor cell population, constituting less than 1% of leukocytes in the circulation. Basophils have long been considered circulating redundant mast cells because they share several characteristics with tissue-resident mast cells, including surface expression of the high-affinity IgE receptor (FcεRI) and the release of allergy-related mediators in response to various stimuli (1) (2) (3) . However, recent studies have clearly demonstrated distinctive roles of basophils and mast cells, and basophils are now increasingly being recognized as an important effector cells in orchestrating and regulating immune responses, including allergic diseases and infections with helminth parasites (4, 5) . For instance, it has been reported that basophils, but not mast cells, contribute to the development of IgE-mediated chronic allergic inflammation in the skin, as well as IgG-mediated systemic anaphylaxis (6, 7) . Furthermore, in addition to their roles in allergic responses, basophils play regulatory roles in acquired immunity, especially in the initiation of T h 2-type immune responses, by providing IL-4 (8) (9) (10) .
There appear to be at least two major pathways for basophil activation during immune responses: an IgE-dependent pathway mediated by FcεRI and an IgE-independent pathway mediated by cytokine receptors (11) (12) (13) . In the latter situation, IL-3 receptor-mediated activation of basophils is of particular interest because IL-3 stimulation by itself rapidly induces production of large amounts of IL-4 by basophils and also synergistically enhances FcεRI-mediated basophil activation (14, 15) . In this regard, it has recently been reported that in basophils, the common β (βc) subunit of the IL-3 receptor is constitutively and functionally associated with the Fc receptor γ (FcRγ), which is a signaling subunit of FcεRI, and that FcRγ-mediated signaling is required for IL-3-induced IL-4 production by basophils (16) . However, the signaling pathways downstream of both FcεRI and IL-3 receptor that induce basophil activation remain largely unknown.
Adaptor proteins lack enzymatic activity but instead contain protein-protein interacting domains that are critical for the formation of multimolecular signaling complexes, which thus create a scaffold for linking receptor-proximal signals to downstream effector molecules (17) . The Src homology 2 (SH2) domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76) is one of the most critical cytosolic adaptor molecules for organizing the assembly of the proximal signaling complex downstream of immune recognition receptors such as the T-cell antigen receptor and FcεRI that are associated with signal-transducing subunits bearing immunoreceptor tyrosine-based activation motifs (ITAMs) (18) . SLP-76 is composed of three main functional domains allowing for protein-protein interactions (19) (20) (21) (22) : an N-terminal acidic region containing tyrosine phosphorylation sites, a central proline-rich domain that binds to the SH3 domain of Grb2 family members, and a C-terminal SH2 domain. In mast cells, SLP-76 is strongly tyrosine phosphorylated upon FcεRI stimulation in a Syk-dependent manner (23) and serves as a scaffold that organizes additional signaling molecules that contribute to both degranulation and cytokine production. In the absence of SLP-76, signaling downstream of FcεRI is impaired, with the principal defect localized to activation of phospholipase C (PLC) γ and subsequent calcium signals, which ultimately results in a defective degranulation response and decreased cytokine production by mast cells (24) (25) (26) .
In the present study, we used SLP-76-deficient mice to examine whether SLP-76 is involved in the differentiation and activation of basophils, and to better understand the signaling pathways downstream of FcεRI and IL-3 receptor, both of which are important for basophil effector functions.
Methods

Mice
SLP-76-deficient mice on the 129/Sv background were backcrossed onto the BALB/c background for at least eight generations, and heterozygous mice were crossed to obtain homozygous mice. Littermates were used as controls. Mice 6-12 weeks of age were used unless indicated otherwise. All mice were kept under specific pathogen-free conditions and used under the approval of the Institutional Animal Care and Use Committee.
Flow cytometry
Single-cell suspensions from spleen or bone marrow (BM) were stained with a combination of FITC-, PE-and Biotin-conjugated antibodies, followed by Streptavidin-PerCP-Cy5.5 or Streptavidin-PerCP-Cy7 (BD Biosciences). The conjugated and unconjugated mAbs specific for DX5 (DX5), FcεRIα (MAR-1), c-kit (2B8), and IL-3Rα (5B11) were purchased from BD Biosciences (San Jose, CA, USA) and eBioscience (San Diego, CA, USA). Data were collected on a FACSCantoII (BD Biosciences) and analysed using FlowJo software (Treestar, Ashland, OR, USA).
Basophil preparations and cultures
Basophils were purified from the spleen using FACS AriaII (BD Biosciences), in combination with magnetic separation (MACS; Miltenyi Biotec, Auburn, CA, USA). Briefly, single-cell suspensions were washed once in PBS buffer containing 1% fetal calf serum (FCS) and 0.1 mg ml −1 sodium azide, incubated with anti-CD16/32 blocking antibody (2.4G2) for 20 min at room temperature. T cells and B cells were depleted using Biotin-anti-CD4 (RM4-5), Biotin-anti-CD8 (53-6.7) and Biotin-anti-B220 (RA3-6B2) mAbs with anti-Biotin magnetic beads (MACS; Miltenyi Biotec.). C-kit -, DX5
+ and FcεRIα + basophils were further sorted with a FACS AriaII on the basis of negative staining for APC-anti-c-kit, Biotin-anti-CD4, Biotin-anti-CD8 and Biotin-anti-B220, followed by streptavidin-PerCP-Cy5.5, positive staining for PE-anti-DX5 and FITC-FcεRIα. Purity of basophils after sorting was greater than 95%. BM-derived basophils were obtained from IL-3-supplemented cultures of BM cells. Briefly, the BM cells were cultured in RPMI1640 Medium (Wako, Osaka, Japan) supplemented with 10% FCS, 2 mM l-glutamine, 1 mM sodium pyruvate, 100 µg ml −1 penicillin, 100 µg ml −1 streptomycin and 5 × 10 −5 M β-mercaptoethanol containing 1% conditioned medium from the supernatant of murine IL-3-producing X63 cells (27) . At 4-to 5-day intervals, the non-adherent cells were reseeded in a mixture of 50% fresh and 50% used medium and expanded over the following 2 weeks. BM-derived basophils were purified by MACS separation on the basis of negative staining for FITC-anti-CD3, FITC-anti-B220 and FITC-anti-c-kit followed by anti-FITC-magnetic beads, positive staining for Biotin-anti-DX5 followed by anti-biotin-magnetic beads. More than 95% BM-derived basophils were DX5 and FcεRIα double positive as assessed by flow cytometric analysis.
Measurement of degranulation and IL-4 production
The degree of degranulation was examined by measuring the release of β-hexosaminidase. BM-derived basophils were sensitized for 1 h at 4°C with anti-DNP monoclonal IgE antibody (SPE-7; 1 µg ml −1 ) and were rested for 6 h in conditioned medium without IL-3. To measure β-hexosaminidase release, sensitized cells were stimulated with the indicated concentration of DNP-conjugated human serum albumin (DNP-HSA; 30~40 mol DNP per mol albumin; Sigma-Aldrich St. Louis, MO, USA) or ionomycin (1 µM) plus phorbol myristate acetate (PMA) (10 ng ml −1 ) for 30 min in Tyrode's buffer containing 0.1% BSA. The enzymatic activities of β-hexosaminidase in supernatants and cell pellets solubilized with 0.5% Triton X-100 in Tyrode's buffer were measured with p-nitrophenyl N-acetyl-β-d-glucosamide (Sigma-Aldrich) in 0.1M sodium citrate (pH 4.5) for 1h at 37°C. The reaction was stopped by adding 0.2 M glycine (pH 10.7). Production of p-nitrophenol was detected using a plate reader by absorbance at 405 nm. The extent of degranulation was calculated by dividing p-nitrophenol absorbance in the supernatant by the sum of absorbance in the supernatant and cell lysate. For IL-4 production, freshly isolated basophils and BM-derived basophils starved for 6 h in the absence of IL-3 were stimulated for 24 h with 5ng ml −1 rIL-3 (PeproTech, Rocky Hill, NJ, USA) or the calcium ionophore ionomycin (1 µM). In some experiments, BM-derived basophils were stimulated with IL-3 in the presence of the indicated amounts of PI3K inhibitors, Wortmanin (Sigma-Aldrich) or LY294002 (50 µM), PLCγ inhibitor U73122 (CalBiochem, La Jolla, CA, USA), calcineurin inhibitors, FK506 or Cyclosporin A, Ca 2+ chelators, ethylene glycol tetraacetic acid (EGTA) or 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM) (CalBiochem). The resultant supernatants were used for measurement of IL-4 using a mouse IL-4 enzyme-linked immunosorbent assay kit (eBioscience).
RT-PCR
Total RNAs were isolated with the Trizol reagent (Invitrogen), and first-strand cDNAs were synthesized using oligo (dT) primers and the Superscript RT-PCR kit (Invitrogen). Each cDNA sample was then subjected to PCR. The PCR primer pairs used were as follows: 5´-CCT AGC CTG GAA ATC AGA CAA C-3´ and 5´-GTG GAC GAT GCT GCT GAC TAT G-3´ for SLP-76, 5´-CTT ACA GAG TGC TCC AGG ATG CGA CCG TGG-3´ and 5´-GAG GGG TTG GTA CTT CTT GGG GAG AGT GAT AGC-3´ for Clnk, 5´-AGC TAG TTG TCA TCC TGC-3´ and 5´-GGA AAG CCT AAA GAG CAT C-3´ for IL-4, 5´-GAG ACT TCC ATC CAG TTG CC-3´ and 5´-CCT CTG GTC TTC TGG AGT ACC A-3´ for IL-6, 5´-AAC CCC GAG CAA CAC CAT GAA G-3´ and 5´-TGA ACG TGA GGA GCA AGG ACG C-3´ for MIP-1β, 5´-GGT CTC CAC CAC TGC CCT TGC-3´ and 5´-GGT GGC AGG AAT GTT CGG CTC-3´ for MIP-1α, and 5´-TAC AAT GAG CTG CGT GTG GC-3´ and 5´-TAG CTC TTC TCC AGG GAG G-3´ for β-actin.
Immunoblotting and immunoprecipitation
BM-derived basophils were starved for 6 h in the absence of IL-3. For IL-3 stimulation, BM-derived basophils were stimulated with rIL-3 (5 or 20 ng ml ) were stimulated with 50 ng ml −1 of DNP-HSA at 37°C for the indicated time periods. Cells were lysed in buffer containing 50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 10 mM NaF, 1% Triton X-100, 1% n-octyl β-d-glucopyranoside, 2 mM sodium orthovanadate and protease inhibitors. The resultant cell lysates were separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. The blots were then probed with the indicated antibodies, followed by HRP-conjugated secondary antibodies and then visualized by enhanced chemiluminescence. Blots were scanned and analysed using a luminescent image analyzer (LAS-3000, Fujifilm, Japan). For immunoprecipitation, cell lysates were incubated with anti-SLP-76 antibody (Cell Signaling Co.) and protein G-sepharose beads (4 Fast Flow; GE). After extensive washing with the lysis buffer, the immunoprecipitates were subjected to immunoblot analysis. The following antibodies were used for immunoblotting: anti-PLCγ2, anti-p38, anti-ERK2, anti-JNK, anti-p38, anti-STAT5 and anti-β-actin antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA.); anti-phospho PLCγ2, anti-phospho Akt, anti-phospho STAT5, anti-phospho ERK1/2, anti-phospho JNK, anti-phospho p38 and anti-Akt antibodies from Cell Signaling Co. (Danvers, MA, USA); anti-phosphotyrosine (pTyr) PY20 antibody conjugated with horseradish peroxidase from BD transduction laboratories (San Jose, CA, USA). 
Measurement of intracellular calcium
After IL-3-starvation for 6 h, BM-derived basophils were incubated with the calcium-sensitive dye Fluo-3-AM (Dojindo, Kumamoto, Japan) in the presence of F-127 (Invitrogen) at 37°C for 30 min. For IL-3 stimulation, BM-derived basophils were stimulated with rIL-3 (5 ng ml −1 ) at 37°C. For FcεRI-cross-linking, BM-derived basophils were sensitized for 1 h at 4°C with 1 µg ml −1 anti-DNP monoclonal IgE antibody, washed and then stimulated with 50 ng ml −1 of DNP-HSA at 37°C. Cells were also stimulated with 1 µg ml −1 ionomycin. Calcium mobilization was analysed using flow cytometry (FACS caliber, BD Biosciences) to monitor the fluorescence emission.
Statistical analysis
The Student's t-test was used to assess statistical significance, with P values *<0.05, **<0.01 considered significant.
Results
SLP-76 is dispensable for development of basophils
We first examined expression of SLP-76 and another SLP-76-related adaptor molecule Clnk in freshly isolated c-Kit
+ FcεRI + splenic basophils and BM-derived basophils by RT-PCR. Although both the SLP-76 and Clnk genes were expressed in FcεRI + c-Kit + BM-derived mast cells, both splenic basophils and BM-derived basophils expressed the SLP-76 gene but not the Clnk gene (Fig. 1A and B) . Furthermore, SLP-76 was found to be tyrosine phosphorylated upon IL-3 stimulation in BM-derived basophils, suggesting its involvement in IL-3 receptor-mediated signaling in basophils (Fig. 1C) . To understand the functions of SLP-76 in basophil development, we next used flow cytometry to examine the differentiation of basophils in the BM and spleen from SLP-76-deficient mice. DX5 + FcεRI + c-Kit − basophils were present in the BM and spleen of SLP-76-deficient mice, in similar proportions as in control mice ( Fig. 2A) . However, moderate increases in absolute numbers of basophils were observed in SLP-76-deficient mice (Fig. 2B) . The expression level of FcεRI was slightly higher in SLP-76-deficient basophils compared with that in control littermates, whereas the expression level of IL-3 receptor α-chain (IL-3Rα) on basophils was almost equivalent between SLP-76-deficient and control mice (Fig. 2C) . The difference in FcεRI expression level on SLP-76-deficient basophils was not observed when IL-3-induced BM-derived basophils were analyzed (Fig. 2C) , suggesting that some unknown factors in the SLP-76-deficient microenvironment that supports basophil development might affect their phenotype. Taken together, SLP-76 is dispensable for basophil development, although there is a moderate increase in basophil numbers and up-regulation of FcεRI expression level in SLP-76-deficient mice by unknown mechanisms.
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SLP-76 is required for FcεRI-induced degranulation and IL-4 production by basophils
To understand the function of SLP-76 in basophil activation, we isolated DX5 + FcεRI + c-Kit − BM-derived basophils from 14-day cultures of IL-3-supplemented BM cells and examined FcεRI-induced degranulation and cytokine production. Similar to the effect of SLP-76 deficiency on FcεRI-induced mast cell degranulation (24, 25) , FcεRI-induced granule release was significantly reduced in SLP-76-deficient BM-derived basophils (Fig. 3A) , although the total granule contents and FcεRI-independent granule release induced by PMA and ionomycin were significantly higher in SLP-76-deficient BM-derived basophils than in control BM-derived basophils (Fig. 3B and  C) . Because we utilized β-hexosaminidase activity as an indicator of granule release from basophils, we checked the composition of the granular contents in SLP-76-deficient BM-derived basophils by analysing mast cell-and basophilselective mast cell protease (MCP) transcripts. Similar to control BM-derived basophils, SLP-76-deficient BM-derived basophils expressed basophil-selective mMCP-8 and -11 transcripts (28), but not mast cell-selective mMCP-4, -5, -6 and -7 transcripts, (Supplementary Figure 1 , available at International Immunology Online). However, the level of mMCP-8 and -11 transcripts in SLP-76-deficient BM-derived basophils was substantially higher than in control basophils (Supplementary Figure 1 , available at International Immunology Online), which is consistent with the higher cellular β-hexosaminidase content in SLP-76-deficient BM-derived than control basophils.
We next examined the impact of SLP-76 deficiency on FcεRI-induced IL-4 production by basophils. Although control BM-derived basophils produced a substantial amount of IL-4 upon FcεRI cross-linking, SLP-76-deficient BM-derived basophils did not (Fig. 3D) , although these cells produced equivalent levels of IL-4 in response to ionomycin (Fig. 3E) . These findings indicate that SLP-76 is required for the FcεRI-mediated signaling pathway that induces granule release and IL-4 production by basophils.
SLP-76 is required for IL-3-induced IL-4 production, but not IL-3-induced cell proliferation by basophils
To understand whether SLP-76 is also involved in the IL-3/ IL-3 receptor-mediated signaling pathway, we first examined 
SLP-76 in basophil activation
the IL-3-induced proliferative responses of BM-derived basophils. As shown in Fig. 4A , the proliferative response of SLP-76-deficient BM-derived basophils in response to IL-3 was comparable to controls. Furthermore, phosphorylation of STAT5, a transcription factor involved in IL-3 receptor signaling, in SLP-76-deficient BM-derived basophils was comparable to that in control BM-derived basophils (Fig. 4B) , indicating that SLP-76 is not required for IL-3-mediated cell proliferation or STAT5 activation.
Because the FcRγ subunit of FcεRI has been demonstrated to physically associate with the βc-chain of the IL-3 receptor and this association is required for IL-3-induced IL-4 production by basophils (16), we further examined the impact of SLP-76 deficiency on IL-3-mediated IL-4 production by basophils. In contrast to IL-3-induced cell proliferation, IL-4 production by splenic and BM-derived basophils was almost completely abrogated in the absence of SLP-76 ( Fig. 5A and B) . To understand 
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whether induction of other cytokines and chemokines by IL-3 are also affected by SLP-76 deficiency, we examined induction of cytokine and chemokine mRNA transcripts upon IL-3 stimulation. As observed for IL-4 protein production, SLP-76 deficiency completely blunted the induction of IL-4 transcripts in response to IL-3 (Fig. 5C ). The induction of IL-6 transcripts was also substantially reduced in SLP-76-deficient BM-derived basophils (Fig. 5C ). By contrast, induction of MIP-1α and MIP-1β transcripts by IL-3 was not affected by the lack of SLP-76. Taken together, these findings indicate that SLP-76 is required for IL-3 receptor-mediated IL-4 production, but not IL-3 receptor-mediated cell proliferation, in basophils.
Requirement for SLP-76 in biochemical events downstream of FcεRI-and IL-3 receptor-initiated signaling in basophils
To gain insight into how SLP-76 regulates FcεRI-and IL-3 receptor-initiated signal transduction leading to IL-4 production by basophils, we analysed biochemical events downstream of these receptors and compared the impact of SLP-76 deficiency on signal transduction from these two receptors. SLP-76 has been demonstrated to function downstream of Syk/ZAP-70 family tyrosine kinase leading to the activation of PLCγ in FcεRI-and T-cell antigen receptor-induced signaling in mast cells and T cells (18) ; thus, 
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we first examined phosphorylation of PLCγ2. As shown in Fig. 6B , the level of inducible tyrosine phosphorylation of PLCγ2 upon FcεRI crosslinking was profoundly diminished in SLP-76-deficient BM-derived basophils, which is similar to the defective PLCγ2 phosphorylation reported in SLP-76-deficient mast cells (24) (25) (26) . Although IL-3 stimulation did not induce a significant intracellular Ca 2+ influx in BM-derived basophils (Fig. 6A, left panel) , we found that PLCγ2 was phosphorylated in control BM-derived basophils upon IL-3 stimulation. However, this IL-3-induced PLCγ2 phosphorylation in BM-derived basophils was abolished by SLP-76 deficiency, as was also observed following FcεRI crosslinking (Fig. 6B, right panels) .
We next examined activation of Akt, which requires the second messenger phosphatidylinositol 3,4,5-triphosphate produced by PI3K (29, 30) . Similar to the situation in SLP-76-deficeint mast cells, FcεRI-induced Akt phosphorylation was not reduced in SLP-76-deficient BM-derived basophils (Fig. 6B) . However, compared to control BM-derived basophils, SLP-76-deficient BM-derived basophils displayed reduced inducible Akt phosphorylation upon IL-3 stimulation (Fig. 6B) , showing a clear difference in SLP-76 function for Akt activation between FcεRI and IL-3-mediated signal transduction. Both FcεRI-and IL-3 receptor-mediated stimulation induced activation of MAPKs, namely, ERK, JNK and p38, in the control BM-derived basophils (Fig. 6C) . SLP-76 deficiency abolished JNK activation and modestly diminished FcεRI-induced ERK and p38 activation in BM-derived basophils, whereas IL-3-induced activation of ERK, JNK and p38 is relatively unaffected by the loss of SLP-76 (Fig. 6C) .
From these observations, SLP-76 appears to be required for PLCγ2 activation downstream of both FcεRI-and IL3-receptor, but for PI3K activation only downstream of the IL-3 receptor, but not the FcεRI. We thus examined whether the defective IL-3 receptor-induced IL-4 production caused by SLP-76 deficiency is due to the defective activation of PLCγ2 and/or PI3K using several inhibitors of these signaling intermediates. IL-4 production by control BM-derived basophils stimulated with IL-3 was substantially inhibited by the pretreatment of the PI3K inhibitors wortmanin and Ly294002, and also by the PLCγ inhibitor, U73122 (Fig. 7) . To further confirm the involvement of PLCγ activation in IL-4 production by BM-derived basophils, we examined IL-4 production by IL-3-stimulated BM-derived basophils treated with inhibitors of the Ca 2+ -dependent phosphatase calcineurin or depleted of extracellular and intracellular Ca 2+ using EGTA and BAPTA-AM, respectively. The calcineurin inhibitors, FK506 and Cyclosporin A, dose-dependently inhibited IL-3 receptorevoked IL-4 production by BM-derived basophils (Fig. 7) . In addition, depletion of intracellular Ca 2+ stores by BAPTA-AM, but not of extracellular Ca 2+ by EGTA, also suppressed IL-4 production (Fig. 7) , indicating that release of Ca 2+ from the endoplasmic reticulum to the cytosol and activation of calcineurin are required for IL-3 receptor-mediated IL-4 production in basophils. Taken together, these findings demonstrate that both PLCγ-and PI3K-mediated signaling pathways are required for IL-4 production in basophils downstream of the IL-3 receptor and suggest that SLP-76 is required for basophil IL-4 production as a critical component for PLCγ activation both downstream of the IL-3 receptor and FcεRI.
Discussion
We demonstrated in the present study that SLP-76 is required for both FcεRI-and IL-3 receptor-mediated signaling that induce basophil activation, including IL-4 production and degranulation, but is dispensable for the development and the IL-3-mediated proliferation of basophils.
Signaling events downstream of FcεRI that are required for degranulation and cytokine production have been extensively studied in mast cells. Upon cross-linking of FcεRI on mast cells, the ITAMs within the signaling subunits of FcεRI, FcεRIβ and FcRγ (31, 32) become phosphorylated by the Src family tyrosine kinase Lyn and recruit the Syk protein tyrosine kinase (PTK), which in turn phosphorylates intracellular adaptors and effectors to propagate receptor-proximal signals to the 
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downstream signaling cascades, including Ca 2+ , PI3K and MAPK pathways (33) . In SLP-76-deficient mast cells, it has been reported that FcεRI-mediated activation of PLCγ2 and subsequent intracellular Ca 2+ responses, and also JNK activation were severely impaired, whereas activation of PI3K, ERK and p38 were relatively unaffected (24-26). As we found that SLP-76-deficient basophils failed to activate PLCγ2 and JNK but preserved Akt, as well as ERK and p38 activation in response to FcεRI cross-linking, similar to the defects observed in SLP-76-deficient mast cells, SLP-76 appears to act as a critical cytoplasmic signaling scaffold downstream of the FcεRI in basophils to induce degranulation and IL-4 production.
The IL-3 receptor belongs to the hematopoietic cytokine receptor family and is composed of a ligand-specific α-subunit and the βc-subunit, which lacks ITAMs but contains unique cytoplasmic domains required for hematopoietic cell proliferation and survival. Upon IL-3 binding, the βc-subunit of IL-3 receptor initiates signaling via the activation of the Jak2 PTK followed by the phosphorylation and activation of the STAT5 transcription factor, which induces transcription of a variety of cytokine-inducible genes (34) . In addition, the signals that are induced by FcεRI cross-linking, including MAPK activation, are also initiated through the βc-subunit of the IL-3 receptor (35-37). However, it has recently been demonstrated that the FcRγ is a constitutive component of the IL-3 receptor on basophils, associated with the βc-subunit through the transmembrane domain, in a manner distinct from its interaction with FcεRI. Moreover, the ITAM of the βc-associated FcRγ is required for IL-3 receptor-mediated Syk activation and IL-4 production, but is dispensable for cell proliferation and STAT5 activation in basophils (16) . Based on our findings that SLP-76 deficiency did not affect IL-3 receptor-mediated activation of STAT5 and MAPKs in basophils, it appears that SLP-76 does not participate in the βc-mediated signaling that activates these pathways, which is also consistent with the intact differentiation and proliferation of SLP-76-deficient basophils. By contrast, SLP-76-deficient basophils failed to activate PLCγ2 and Akt and to produce IL-4 in response to IL-3, suggesting the involvement of SLP-76 in FcRγ-mediated IL-3 receptor signaling required for IL-4 production by basophils, similar to its role in the FcεRI-mediated signaling.
The PI3K pathway has been reported to be important for IL-4 production by basophils, as revealed by studies using specific pharmacological inhibitors and mice harboring a deficiency in an inhibitory pathway for PI3K activation (38) . In this regard, we found one notable difference in the requirement of SLP-76 between IL-3 receptor-and FcεRI-mediated PI3K activation, in that SLP-76 deficiency selectively impaired IL-3 receptor-, but not FcεRI-induced activation of Akt, an indicator of PI3K activation, in basophils, despite the fact that it causes an almost complete abrogation of both FcεRI-and IL-3 receptor-induced IL-4 production by basophils. This may result from differences in the components of these two receptors, such as the existence of an additional ITAM-bearing FcεRIβ component in FcεRI, but not in the IL-3 receptor, and/ or differences in downstream signaling intermediates that are recruited to activate the PI3K pathway. For instance, the retained FcεRI-mediated PI3K activation in SLP-76-deficient basophils might be regulated by the Fyn PTK and the adaptor Gab2, a pathway that is considered to be complementary to the Lyn-Syk-PLCγ pathway to induce degranulation and cytokine production in mast cells (39, 40) . However, the existence of the Fyn-Gab2-PI3K pathway in basophils and also its role in IL-3 receptor-mediated signaling remain unknown.
Although we did not detect any measurable IL-3-induced elevation of intracellular Ca 2+ even in wild-type basophils, we anticipated a potential contribution of Ca 2+ -mediated signaling, in parallel with the PI3K pathway, in IL-3 receptor-evoked IL-4 production by basophils because SLP-76 deficiency impaired PLCγ2 activation downstream of both IL-3 receptorand FcεRI-mediated signaling in basophils. Our Ca 2+ chelating experiments demonstrated that intracellular, but not extracellular, Ca 2+ is required for IL-3-mediated IL-4 production, so we conclude that IL-3 receptor signaling indeed triggers release of Ca 2+ from the internal stores; however, this Ca 2+ flux may be below the detection limit of the flow cytometrybased assay using Fluo-3-AM, as similar basal level of Ca
2+
-mediated signaling was reported in the brain-derived neurotrophic factor-mediated signaling in neurons (41) . Furthermore, pharmacological inhibition of calcineurin, a Ca 2+ -dependent phosphatase that activates nuclear translocation and activation of nuclear factor of activated T cells (NF-AT) also inhibited IL-3-induced IL-4 production. Thus, in addition to PI3K activation, it seems likely that IL-3 receptor-induced PLCγ2 activation is sufficient for releasing Ca 2+ from the internal stores, but not from the extracellular space, leading to the calcinuerin-mediated NF-AT activation that eventually induces IL-4 gene transcription in basophils. To support this notion, it has recently been reported that NF-AT binding sites in the IL-4 gene promoter are involved in IL-4 gene transcription in basophils (42) . Taken together, SLP-76 appears to act as an essential component to relay signals from both IL-3 receptor and FcεRI to PLCγ2 activation, which triggers subsequent Ca 2+ -mediated signaling required for IL-4 production by basophils.
Finally, we demonstrate here an essential signaling requirement for SLP-76 in FcεRI-and IL-3 receptor-mediated basophil activation. Although we are still limited in our knowledge of the potential interacting partners of SLP-76 in basophils, our findings provide an impetus for delineating how other signaling intermediates, such as the transmembrane adaptor LAT, which cooperates with SLP-76 in mast cell activation (43) , are integrated for the regulation of basophil activation. Furthermore, an understanding of the exact contribution of signaling intermediates required for basophil activation might provide a basis for the development of new strategies for the treatment of allergy and other basophil-associated disorders.
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